. NFATc4 is negatively regulated in miR-133a-mediated cardiomyocyte hypertrophic repression. Am J Physiol Heart Circ Physiol 298: H1340 -H1347, 2010. First published February 19, 2010 doi:10.1152/ajpheart.00592.2009.-Activation of NFAT (nuclear factor of activated T cells)-mediated hypertrophic signaling is a major regulatory response to hypertrophic stimuli. A recent study unveiled potential regulatory roles for microRNA-133a (miR-133a) in cardiac hypertrophy. To date, however, no connection has been made between miR-133a and NFAT signaling. In this study, we determined that NFATc4, a hypertrophy-associated mediator, is negatively regulated by miR-133a. Two conserved base-pairing sites between the NFATc4 3=-untranslated region (UTR) and miR-133a were verified. Mutation of these sites in the NFATc4 3=-UTR completely blocked the negative effect of miR-133a on NFATc4, suggesting that NFATc4 is a direct target for miR-133a regulation. Using a gain-of-function approach, we demonstrate that miR-133 significantly reduces the endogenous level of, as well as the hypertrophic stimulusmediated increase in, NFATc4 gene expression. This latter effect of miR-133a on NFATc4 gene expression was coincided with an attenuated cardiomyocyte hypertrophy induced by an ␣-adrenergic receptor agonist. Conversely, cells treated with miR-133a inhibitor resulted in an increase in NFATc4 expression level. Application of miR-133a had no apparent effect on NFATc4 nuclear localization. We conclude that the negative regulation of NFATc4 expression contributes to miR-133a-mediated hypertrophic repression. micro-ribonucleic acid-133a; cardiomyocyte; hypertrophy; fibrosis; nuclear factor of activated T cells CARDIAC HYPERTROPHY REFLECTS a remodeling of the myocardium in response to hemodynamic stress and various hypertrophic stimuli. Defining features of hypertrophy for cardiomyocytes are increases in cell size, protein synthesis, and heightened organization of the sarcomere. At the molecular level, these phenotypes are accompanied by reactivation of the expression of fetal cardiac genes. Calcineurin-dependent NFAT (nuclear factor of activated T cells) activation is part of an important signaling cascade in response to hypertrophic signaling. NFATc4, one of five NFAT family members, was demonstrated to be sufficient in promoting cardiac hypertrophy in vivo (35, 46) . NFATc4 functions as a calcineurin effector, trafficking between the cytosol and the nucleus to regulate the cardiac hypertrophic response. Heart-specific expression of a constitutively active NFATc4 lacking the calcineurin-binding domain also promotes cardiac hypertrophy in transgenic mice (35), suggesting pro-hypertrophic roles for NFATc4 via both calcineurin-dependent and calcineurin-independent pathways.
micro-ribonucleic acid-133a; cardiomyocyte; hypertrophy; fibrosis; nuclear factor of activated T cells CARDIAC HYPERTROPHY REFLECTS a remodeling of the myocardium in response to hemodynamic stress and various hypertrophic stimuli. Defining features of hypertrophy for cardiomyocytes are increases in cell size, protein synthesis, and heightened organization of the sarcomere. At the molecular level, these phenotypes are accompanied by reactivation of the expression of fetal cardiac genes. Calcineurin-dependent NFAT (nuclear factor of activated T cells) activation is part of an important signaling cascade in response to hypertrophic signaling. NFATc4, one of five NFAT family members, was demonstrated to be sufficient in promoting cardiac hypertrophy in vivo (35, 46) . NFATc4 functions as a calcineurin effector, trafficking between the cytosol and the nucleus to regulate the cardiac hypertrophic response. Heart-specific expression of a constitutively active NFATc4 lacking the calcineurin-binding domain also promotes cardiac hypertrophy in transgenic mice (35) , suggesting pro-hypertrophic roles for NFATc4 via both calcineurin-dependent and calcineurin-independent pathways.
MicroRNAs (miRs) are a class of ϳ22 nucleotide noncoding RNA molecules. MiRs regulate gene expression by binding to partially or completely complementary sequence in the 3=-UTR (3=-untranslated region) of mRNAs, resulting in translational repression or mRNA degradation (1, 3, 16) . Several miRs, including miR-133a, have been implicated as regulators of cardiomyocyte hypertrophy (6, 10, 20, 21, 38, 40 -43) . The miR-133 family consists of three miRs: miR-133a-1, miR133a-2, and miR-133b. miR-133a-1 and -2 are identical in sequence and are expressed specifically in cardiac and skeletal muscles, whereas miR-133b differs from miR-133a by two nucleotides at the 3= terminus and has enriched expression in skeletal muscle (9, 15, 26, 39) .
Various cellular functions have been ascribed to miR-133a (4, 6, 9, 13, 30, 32, 47) . The importance of miR-133a in cardiac hypertrophy was highlighted in a recent study, in which a significant decrease in miR-133a expression was observed in human and animal hypertrophic myocardium (6) . In addition, this study revealed that several growth-related genes, including RhoA and Cdc42, were verified as miR-133a target genes, suggesting the potential regulatory role of miRs in cardiac hypertrophy (6) . Given that individual miRs regulate potentially dozens of mRNAs, further verification of target genes in hypertrophic signaling pathways is crucial for fully understanding of the function of miR-133a in cardiac hypertrophy.
In this study, we explored the relationship between miR133a and the NFAT-dependent signaling pathway. We demonstrate that NFATc4 levels are negatively regulated by miR133a. Treatment with miR-133a resulted in striking decreases in NFATc4 mRNA and protein expression, coincident with attenuation of cardiomyocyte hypertrophy, which had been induced by application of an ␣-adrenergic receptor agonist. We suggest that silencing of NFATc4 may be one of the miR-133a-mediated mechanisms in repressing cardiac hypertrophy.
MATERIALS AND METHODS

Generation of plasmid constructs and synthesis of adenoviruses.
To determine whether NFATc4 is regulated by miR-133a, a 524-bp long duplex of NFATc4 exon 10 (9109 -9632) containing two putative miR-133a targeting sites (Fig. 1A) was inserted into the 3=-UTR of the pGL3-promoter luciferase reporter vector (Promega). To generate the mutant version of the luciferase reporter, the "seed" sequences of the two miR-133a targeting sites were mutated with adenines by the QuickChange site-directed mutagenesis kit (Stratagene). A pSV-␤-galacosidase vector (Promega) was cotransfected in all luciferase assessment experiments as an internal control. To induce miR-133a expression in neonatal rat cardiomyocytes, an adenovirus expressing miR-133a (v-miR-133a) was synthesized using the Adeno-X-virTrak Expression system 2 (Clontech) (31) . miR-133a precursor cDNA was subcloned into the donor vector pDNR-CMV, followed by a cre-loxP-mediated homologous recombination with the adenoviral vector pLP-Adeno-X-ViraTrak containing a red fluorescent protein (RFP) cassette. The recombinant adenoviral vector was linearized by PacI and transfected into the human embryonic kidney-293 cells. For the control virus, the vector contained only the RFP cassette. Cells were harvested 7-10 days after transfection, and the virus was released by repeated freeze-thaw. The concentrations of v-miR-133a and v-control (expressing RFP only) were 1.14 ϫ 10 7 and 2.0 ϫ 10 7 plaque-forming unit/ml, respectively. An MOI (multiplicity of infection) of 5 was used to infect neonatal rat ventricular cardiomyocytes in all experiments. To determine the dosage effect of miR-133a on NFATc4 expression, multiple MOIs in the range of 1-5 were applied. Neonatal rat ventricular cardiomyocyte isolation and cell cultures. The usage of isolated Sprague-Dawley rat cardiomyocytes was approved by the Institutional Animal Care and Use Committee of the Texas A&M Heath Science Center-Houston. Ventricles from 1-to 2-day-old Sprague-Dawley rats were extracted followed by collagenase (75 U/ml; Worthington) and pancreatin (0.6 mg/ml; Sigma) digestion. After multiple digestions, undigested tissue pieces were removed by passing the sample through a cell strainer (BD Biosciences), and cells were isolated by Percoll gradient centrifugation. Cells were then plated and incubated for 1 h, nonadherent cardiomyocytes were collected using a gentle wash, and rapidly attaching noncardiomyocytes were left in the culture dish and discarded. The desired cardiomyocytes in the collected washing medium were spun down and resuspended in culture medium. cells/well in a 12-well plate for a confluent cell layer) using Lipofectamine 2000 in the Opti-MEM reduced serum medium (Invitrogen). The miR mimic, the miR inhibitor (antagomir), and the negative controls (chemically modified and cholesterol-conjugated synthetic miRs) were purchased from Dharmacon. Throughout the study, individual miRs were used at 20 nM. Two negative controls were used in each experiment. The Luciferase assay was conducted 36 h posttransfection. Lysis buffer was purchased from Promega (E3971), and 20 of 60 l of the lysis supernatant were used for the measurement of luciferase activity using Monolight 3010 (Pharmingen). Each sample was measured three times. All results were adjusted by ␤-galactosidase activities (MRX Revelation, DYNEX Technologies). Cardiomyocyte hypertrophy was induced with the application of 20 -100 M phenylephrine (PE) for 48 h. When used in combination with the adenoviral experiments, PE was added 5 h after virus infection. Cell surface area was assessed using Image Tool software (UTHSCSA, version 3.0, San Antonio, TX).
Quantitative polymerase chain reaction analysis, Western blot analysis, and immunostaining. Quantification of miR-133a was conducted (Stratagene Mx3000p qPCR System) by quantitative polymerase chain reaction (qPCR) analysis using the TaqMan miR assay (Applied Biosystems, catalog no. 4373142) and normalized with mmu-miR-16 (catalog no. 4427975). The SYBR green method with MasterMix buffer system containing Taq polymerase (Stratagene) was used to assess non-miR gene mRNA levels. MirVana miR isolation kit (Ambion) was used for RNA extraction. RNA quality was evaluated using the ratio of 260-to-280-nm optical density. Cloned AMV Reverse Transcriptase kit (Invitrogen) was used for reverse transcription to generate cDNA using an oligo(dT) primer with the RT buffer system. The PCR primers used are as follows (5= to 3=): NFATc4 (NM_023699) gggggctgtcaaggctgctc/gcgcccgatgtctgtctcacc; Acta1 (NM_009606, skeletal muscle ␣1-actin) ggcggtgctgtccctctatgct/cgggcaacggaaacgctcatt; Actb (NM_007393, ␤-actin) agcggttccgatgccctgag/aggggccggactcatcgtactc; myh7 (NM_080728, cardiac ␤-myosin heavy chain) gccgcgccagtacttcataggtg/tggccttggggaacatgcact; brain natriuretic peptide (nm_008726, natriuretic peptide precursor type B) gcggcatggatctcctgaaggtg/agcccaaacgactgacggatcc. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression levels were used for qPCR normalization. Expression levels were determined by the 2 Ϫ⌬⌬Ct method. Primary antibodies used were NFATc4 (sc-13036), NFATc2 (sc-7295), NFATc3 (sc-8321), cardiac-specific troponin I (sc-31655), GAPDH (sc-20357) (Santa Cruz Biotechnology), and MF-20 (DSHB, University of Iowa). Secondary antibody was Alexa Fluor 488 anti-goat IgG (Invitrogen, A11055). Protein samples for Western blot analysis were extracted and separated as described previously (8) . Protein even loading was evaluated by the expression of GAPDH. Statistical analysis. All experiments were conducted three times. For a comparison of two groups, the data were analyzed by the t-test (SigmaStat, SPSS, version 2.03). For an analysis of multiple groups, data were analyzed by one-way ANOVA. A P Ͻ 0.05 was considered significant. Data are presented as means Ϯ SE.
RESULTS
Bioinformatics analysis reveals NFATc4 as a potential miR-133 target.
Using the search engine of the miRBase Targets in silico database (http://www.mirbase.org), we examined the 3=-UTR of NFATc4 and identified two putative binding sites for miR-133a 76 nucleotides apart with free energies of Ϫ24.4 and Ϫ21.7 cal/mol, respectively (Fig. 1 ). The site with low free energy implicates a high possibility as an actual targeted sequence (25, 36) . The miR-133a seed-matched sequences are highly conserved among species. Collectively, analyses of these suggest that the two sites in the 3=-UTR of NFATc4 are potential miR-133a targets.
miR-133a targets 3=-UTR of NFATc4. To validate the two putative miR-133a target sites, a 524-bp-long duplex of exon 10 of the NFATc4 gene containing these sites was subcloned into the 3=-UTR of a luciferase reporter vector (Fig. 2A) . The chimeric vector, luciferase-NFATc4 3=-UTR, carries a constitutively activated promoter, which can express luciferase as a reporter. The effect of miR-133a on luciferase expression can be represented by the changes in luciferase activity. We cotransfected this vector with the miR-133a mimic in myogenic C2C12 cells. As indicated in Fig. 2B , the introduction of miR-133a mimic decreased luciferase activity 40% compared with the cells treated with a control mimic (P Ͻ 0.05). In a parallel experiment, the inhibitory effect of miR-133a in cells transfected with the mutant reporter vector (the two putative targeting sites were mutated) was completely abolished, as evidenced by high luciferase activity (P Ͻ 0.05). We also observed increased baseline luciferase activity in this mutant reporter vector group due to the elimination of the response to the endogenous miR-133a. Thus these results confirm the bioinformatics prediction that the 3=-UTR of NFATc4 is targeted by miR-133a.
NFATc4 expression is negatively regulated by miR-133a. To determine whether miR-133a could silence NFATc4 expression, we applied gain-and loss-of-function approaches. C2C12 cells were transfected with either the miR-133a mimic or the miR-133a inhibitor. Total RNA and protein were isolated 36 and 48 h after transfection, respectively. The NFATc4 mRNA level was quantified by qPCR analysis. The results showed that the cells treated with the miR-133a mimic decreased NFATc4 mRNA levels 65% compared with cells treated with the control mimic (P Ͻ 0.05) (Fig. 3A) . In contrast, an almost threefold increase in the NFATc4 mRNA level was observed in the cells treated with the miR-133a inhibitor compared with the control group (P Ͻ 0.05). Western blot analysis revealed that, while miR-133a mimic treatment decreased NFATc4 protein expression, the opposite result was observed by following miR-133a inhibitor treatment (Fig. 3B) , consistent with the changes of NFATc4 mRNA. This result indicates that the expression level of NFATc4 can be negatively modulated by miR-133a, and that miR-133a may be a silencer of NFACTc4.
miR-133a-mediated downregulation of NFAT contributes to the inhibition of cardiomyocyte hypertrophy induced by PE.
NFATc4 is one of the hypertrophy-associated transcription factors in the NFAT family. To examine whether the silencing of NFATc4 by miR-133a contributes to inhibition of cardiomyocyte hypertrophy, an adenovirus expressing miR-133a tagged RFP was generated (Fig. 4A) . The virus was initially infected in C2C12 cells before its usage in cardiomyocytes. The expression of mature miR-133a in cells infected with v-miR-133a at MOI 5 was confirmed by qPCR (Fig. 4B ). As expected, the control virus (v-control) expressed only RFP, with no effect on the endogenous miR-133a level (Fig. 4B) . We then infected cells with different dosages of v-miR-133a (MOI from 1 to 5). Consistent with the miR-133a mimic study, decreases in NFATc4 mRNA and protein levels were observed after 36 and 48 h of infection, respectively (Fig. 4, C and D) . The reduction of NFATc4 expression was dose dependent.
We next applied the viruses to neonatal rat ventricle cardiomyocytes to see if the treatment of cells with miR-133a could directly block PE-induced cardiomyocyte hypertrophy. A 91.3% purity in cardiomyocytes was achieved (Fig. 5A ). After 48-h PE treatment, cardiomyocytes exhibited robust hypertrophy (Fig. 5Bb) , while the hypertrophy was completely blocked by the v-miR-133a (Fig. 5Bd) , but not by the v-control infection (Fig. 5Bc) . The alteration in cell surface area supported this morphological observation (Fig. 5C ). This strongly suggests that application of miR-133a is sufficient to prevent PE-induced cardiomyocytes hypertrophy.
To further evaluate the repressive effect of miR-133a on the hypertrophic response of cardiomyocytes, we measured the levels of cardiac stress markers Acta1, Actb, Myh7, and brain natriuretic peptide via qPCR analysis. We found that expression levels of these genes were significantly upregulated after PE induction (Fig. 6) . However, the increases were suppressed by the infection of v-miR-133a, suggesting an inhibitory effect of miR-133a on the hypertrophic response.
Finally, we assessed mRNA and protein levels of NFATc4 in PE-treated cardiomyocytes. Overt increases in NFATc4 mRNA (Fig. 7A) and protein (Fig. 7B) were detected in PE-treated cardiomyocytes, whereas these increases were significantly suppressed by the introduction of v-miR-133a, indicating that the expression of miR-133a eliminated PE-induced NFATc4 upregulation. No significant changes in expression of NFATc2 and NFATc3 (two other major isoforms of NFAT family in the heart) were detected with v-miR-133a treatment (Fig. 7B) . Collectively, these data demonstrate that NFATc4 is the target of miR-133a, and that silencing of NFATc4 by miR-133a may contribute to miR-133a-mediated anti-hypertrophy.
It has been suggested that the activity of transcription factor NFAT is contingent on its nuclear import (11, 23) . To address this possibility, we visualized the NFATc4 in the cellular compartment by immunostaining in cardiomyocytes (Fig. 8) . No obvious change of nuclear localization of NFATc4 was observed after v-miR-133a treatment compared with the control group (Fig. 8, B and E) . Hence, we conclude that miR-133a negatively regulates NFATc4 expression, but not the activity of NFATc4.
DISCUSSION
Several features make miRs unique regulators of gene expression. First, a single miR can regulate a number of different mRNAs, as long as the UTRs carry a common targeting sequence. In addition, the same mRNA can be silenced by multiple miRs. Given these features, one of the challenges in any miR functional study is to identify and validate the multiple target genes of an individual miR. In this study, we identified NFATc4 as one of several genes negatively regulated by miR-133a. Two miR-133a hybridization sites in the NFATc4 3=-UTR were determined, and bioinformatics analysis revealed that they are highly conserved among species. Mutation of these sites completely blocked the negative effect of miR-133a on NFATc4, revealing NFATc4 as a direct target of miR-133. We further demonstrated that application of miR-133 significantly silenced the endogenous level of, as well as the hypertrophic stimulus-mediated increase in, NFATc4 gene expression. The decrease in expression of miR-133a resulted in an increase in the NFATc4 expression level. We found that manipulation of miR-133a had no overt effect on NFATc4 nuclear localization, as well as the expression levels of NFATc2 and NFATc3, the two major NFAT isoforms in the heart. We conclude that the negative regulation of NFATc4 expression contributes to miR-133a-mediated hypertrophic repression.
Given the high degree of similarity in the DNA-binding and the calcineurin-interaction domains among the NFAT isoforms (18, 22, 37) , it is not surprising that functional redundancy has been demonstrated between NFATc3 and NFATc4. Hence, it C: morphometric analysis of cardiomyocytes. Size of cardiomyocytes, as evaluated by surface area, was significantly increased by PE treatment. This size increase was blocked by v-miR-133a. Cardiomyocytes were detected by cardiac-specific troponin I antibodies (green), followed by diamidino-2-phenylindole staining for nuclei (blue). At least 50 cardiomyocytes were randomly chosen for cell surface area measurement. Fig. 6 . PE-mediated hypertrophic responses in cardiomyocytes were eliminated by miR-133a. The hypertrophic response was demonstrated in robust increases in various stress markers. The changes of the stress marker mRNAs were quantified by qPCR analysis. P Ͻ 0.05 compared with *controls or **PE ϩ v-miR-133a groups. The data in each group represent the average of nine measurements. BNP, brain natriuretic peptide. Fig. 7 . Silencing of NFATc4 gene expression by miR-133a. In response to PE and miR-133a treatments, expression of NFATc4 was assessed by qPCR (A) and Western blot analysis (B), respectively. Robust increases in NFATc4 mRNA and protein were observed after the PE treatment, whereas the increases were attenuated by infection of the v-miR-133a. Expression levels of NFATc2 and NFATc3 did not significantly change on v-miR-133a treatment. The data in each group in A represent the average of nine measurements.
was important to determine the complementary role of NFATc4 to that of NFATc3 in cardiac hypertrophy (5, 35, 45) . NFATc4 was first identified as a downstream effector of the calcineurin-dependent hypertrophic signaling pathway (35) . Phosphorylated NFATc4 localizes to the cytoplasm in an inactive state (18, 22, 37) . Upon the calcium signaling, the NFATc4 is dephosphorylated by calcineurin, then translocates to the nucleus and associates with the zinc finger transcription factor GATA4, resulting in a synergistic activation of fetal cardiac genes and a hypertrophic response (35) . The prohypertrophic effect of NFATc4 has also been demonstrated through the calcineurin-independent pathway. Pioneering work by Molkentin revealed that transgenic mice with cardiacrestricted expression of active NFATc4 (lacking the calcineurin binding domain) developed robust hypertrophic cardiomyopathy (35) . The hypertrophic role of NFATc4 has been incessantly identified recently. Notably, much higher nuclear levels of NFATc4 protein were observed in the myocardium of heart failure patients than the myocardium from control noncardiac disease patients (2, 7, 12, 14, 19, 24, 27-29, 33, 44) . Altogether, these studies demonstrate that activation of NFATc4 is sufficient for the development of cardiac hypertrophy.
Interestingly, the pathological significance of each individual NFAT member to the development of cardiac hypertrophy is varied. Using a loss-of-function approach, a major function of NFATc3 in cardiac hypertrophy has been demonstrated. Both calcineurin-and angiotensin II-induced cardiac hypertrophy can be partially attenuated by a loss of the NFATc3 gene, but not of the NFATc4 gene (45) . On the other hand, the complementary role of NFATc4 has also been elucidated. Active NFATc4 is sufficient to rescue the NFATc3 NFATc4 double-knockout mouse phenotype (5), suggesting that redundant functions among different NFAT members are far more complicated than previously expected (5, 17, 45) . Further clarification of the importance of NFATc4 in hypertrophy is required. Given the findings from these previous investigations, we believe that the upregulation of multiple hypertrophyassociated genes, such as RhoA, Cdc42, and NFATc4, collectively contribute to miR-133a-mediated hypertrophic repression.
Emerging studies have uncovered the anti-hypertrophy role of miR-133a in the heart. A profound reduction of miR-133a in human and animal hypertrophic ventricle myocardium was observed (6, 42) , and the transient knockdown of miR-133a in vivo by an antagomir has resulted in cardiac hypertrophy (6) . Interestingly, miR-133a-1 and -2 double knockout mice develop severe fibrotic but not hypertrophic cardiomyopathy (30) . This discrepancy may be due to the loss of miR-133a expression in a different temporal pattern between the two mouse models. In the antagomir mouse model, a downregulation of miR-133a is induced in adult mouse hearts. In the knockout mice, however, genetic elimination of miR-133 occurs at the onset of embryogenesis. The disparity might also explain the dual roles of miR-133a in cardiac remodeling. The anti-fibrotic effect of miR-133a was characterized in a recent study, whereby miR-133a silences connective tissue growth factor, a strong profibrotic factor (13) . Of note, mice with cardiac overexpression of NFATc4 develop overt cardiac fibrosis (35) , the same phenotype observed in the miR-133a null mice (30) . More recently, Matkovich et al. (34) reported that genetic overexpression of miR-133a failed to protect mouse hearts from pressure-overload-induced hypertrophy. The differing results between these studies may be explained by several factors; an obvious difference is that our study was conducted in cultured cardiomyocytes. Cardiomyocyte hypertrophy was induced by PE and not by mechanical stretch, consistent with an earlier in vitro study showing that forced miR-133a overexpression attenuated hypertrophy (6) . Nevertheless, our finding supports the notion that the functions of an miR can be ascribed to several targets. The miR-133a-mediated NFATc4 silencing mechanism provides a new layer of regulatory complexity to the calcineurin-independent NFAT gene regulation program. Future identification of the new targets will extend our understanding of the biological functions of miR-133a in a variety of cardiac disorders. Fig. 8 . Application of miR-133a had no effect on NFATc4 nuclear localization. Immunostaining with antibody specific for NFATc4 was performed in neonatal rat ventricular myocytes. Expression of NFATc4 (green) was observed in both nucleus and cytoplasm. No significant changes of NFATc4 cellular distribution were found between the v-miR133a (A-C) and v-control virus (D-F) treatment groups.
